A progressive decline of cognitive functions is a recognized corollary of increasing age. Despite the clear importance of these changes, the underlying mechanisms remain obscure. Early studies describing loss of neocortical neurons have been largely refuted by the application of more accurate techniques. 1 Another possible mechanism is "cortical disconnection," which leads to a loss of the functional integration of neurocognitive networks. The concept of disconnection was first proposed by Geschwind in 1965 2 and has gained credence as modern theories of cognitive function have recognized the importance of largescale, distributed cortical processing networks. 3 More recently, coordinated activity of large distributed networks has been inferred from analysis of fMRI data. 4 Indirect evidence for loss of functional "connectivity" with age has been provided by a recent PET study, 5 where functional relationships between the left dorsolateral prefrontal cortex and right hippocampus were examined during two cognitive tasks, both activating a distributed processing network that included these nodes. In older subjects, both regions retained the capacity to become activated, but the functional relationships between them changed with age, as did overall patterns of cognitive activation. These findings suggest that age-related decline in the performance of these tasks might reflect changes in functional integration rather than dysfunction of specific gray matter areas.
A plausible anatomic substrate for functional dis-connection is disruption of the white matter tracts that link the components of distributed neurocognitive networks, or "structural disconnection." A postmortem study has provided evidence that normal aging is accompanied by a loss of white matter fibers, particularly small, myelinated fibers. 6 However, to date, there has been no direct, in vivo demonstration of structural disconnection in humans.
The recent development of diffusion tensor MRI has provided, for the first time, a noninvasive method for delineating anatomy of white matter pathways 7 and subsequent assessment of pathologic tract disruption. In white matter tracts, water motion is restricted by axonal membranes and myelin, and water moves more freely along the direction of a tract than perpendicular to it. This directionality of diffusion can be quantified by fractional anisotropy (FA). FA varies from zero in tissue where diffusion is equal in all directions to 1 where diffusion is entirely unidirectional. Increasing anisotropy is a likely marker of white matter tract integrity: anisotropy correlates with histologic markers of myelination, 8 and there is accumulating evidence that changes in FA are of functional significance. [9] [10] [11] [12] [13] In this study, we applied diffusion tensor MRI in a group of elderly volunteers and younger subjects in an attempt to provide a direct in vivo demonstration of white matter tract disruption with normal aging, and to correlate such changes with cognitive dysfunction.
Methods. Subjects. Twenty healthy elderly volunteers (age range, 56 to 85 years) were recruited from both a cohort of volunteers from the Clinical Age Research Unit at King's College Hospital and a separate cohort selected randomly from general practitioner lists in Bromley, South London, United Kingdom. All were assessed by a clinician (M.O.'S.) and underwent full neurologic examination.
Ten younger volunteers (age range, 23 to 37 years) also were recruited from general staff at King's College London. No subject had a history of current or previous neurologic or psychiatric illness. Approval was obtained from the Research Ethics Committee of King's College Hospital and all subjects gave informed, written consent.
MRI. Diffusion tensor imaging was performed on a 1.5-T G.E. Signa MR scanner (General Electric, Milwaukee, WI). An imaging sequence optimized for measurement of the diffusion tensor in white matter was used 14 and the diffusion tensor elements calculated at each voxel. The diffusion tensor provides a three-dimensional representation of water diffusion. When diffusion is equal in all directions, it is described as isotropic, and when diffusion is greater in some directions than others as anisotropic. FA can be considered as the proportion of the whole tensor that is anisotropic. Mean diffusivity is a directionally averaged measure of diffusion, with the effect of anisotropy removed. Measures of FA and mean diffusivity were derived using equations previously published by Basser and Pierpaoli. 15 The maximum strength of diffusion-encoding gradients was 22 mT·m Ϫ1 . Fifteen to 18 near-axial slices were obtained for each patient, providing near whole-brain coverage. Diffusion tensor imaging took 4 to 6 minutes to complete. Axial T1-weighted, T2-weighted, and fluidattenuated inversion recovery (FLAIR) images also were performed on all patients in the older group to exclude clinically silent brain disease.
Neuropsychological testing. Subjects in the older group also underwent neuropsychological assessment. Two patients in this group declined testing, so neuropsychological scores were available for 18 of the older group. Tests included the Wisconsin Card Sorting Test, Reitan Trail Making Test, Verbal Fluency, and the Mini-Mental State Examination. Premorbid intelligence was assessed using the National Adult Reading Test-Revised (NART-R) pronunciation test.
Image analysis. For each slice, a region of interest (ROI) containing the white matter of one hemisphere was selected using a semiautomated approach (figure 1) using the Dispim display software (David Plummer, University College London, United Kingdom). By applying an FA threshold of 0.1, peripheral isotropic tissue and tissue with very low anisotropy, including the skull, CSF, and cortical gray matter, were removed from each slice. This was done by placing a cursor near the gray matter/white matter interface. The Contour function of the Dispim software is then used to draw automatically around all the tissue with FA above 0.1, starting from the point nearest to the cursor. ROI were edited by hand to remove errors produced by magnetic susceptibility artifacts. The corresponding T2-weighted images were used to confirm that these artifacts were outside the brain. The resulting gaps in white matter outline were filled in by hand to correspond visually with the boundary generated by the Contour function. For each ROI, a median value for FA and a mean value for the trace of the diffusion tensor were obtained. Median values were used for FA to reduce the effect of outliers. Each ROI was subsequently divided into anterior, middle, and posterior areas using the posterior margin of the genu and the anterior margin of the splenium of the corpus callosum as anatomic markers (see figure 1 ). For slices rostral to the level of these structures, an imaginary coronal plane projecting vertically from each of these markers was used to define these areas. Values from six slices at and above the level of the lateral ventricles were combined to form anterior, middle, and posterior volumes of interest, and mean values of FA and mean diffusivity were calculated for each.
Intrarater reliability. A reproducibility analysis was performed to assess the reliability of selection and handediting of ROI. Five subjects from each group were selected at random by a colleague with no knowledge of subject details or the purpose of the study. All subject information was removed from the computer image files, and they were randomized and renamed with the letters A to J. A second set of whole white matter ROI was then obtained using the same methods.
Results. General findings.
A single member of the older group was found to have diffuse hyperintensities of white matter on T2-weighted MRI and was excluded from subsequent analysis. This left 19 subjects in the older group (17 with neuropsychological test data), mean age 72 Ϯ 8 years (range, 56 to 85 years), and 10 subjects in the younger group, mean age 30 Ϯ 5 years (range, 23 to 37 years). There was no difference in sex frequency between groups (p ϭ 0.67).
Comparison of elderly and young subject groups. Whole white matter FA declined with age, whereas mean diffusivity increased; figure 2 plots values for all subjects in both groups. Table 1 shows the results of group comparisons for volumes of interest derived separately from anterior, middle, and posterior ROI. Reduction of anisotropy was not uniform throughout the brain. FA of anterior white matter was reduced by 9.9% in the older subjects, whereas there was no significant reduction in FA of posterior white matter in older individuals. Middle white matter had an intermediate but significant FA reduction of 6.0%. Similarly, mean diffusivity was increased by 13.5% in anterior white matter of older subjects, 12.1% in middle white matter, and 8.7% in posterior white matter. These regional differences in reduction of FA are depicted graphically in figure 3 .
Intrarater reliability. Repeat, blinded analysis in a randomly selected subgroup of subjects revealed excellent reproducibility of all measures. The within-subject SD provide a practical index of measurement error 16 : these were 10 ϫ 10 Ϫ6 mm 2 ·s Ϫ1 for mean diffusivity (mean for all measurements 851 ϫ 10 Ϫ6 mm 2 ·s Ϫ1 ), 0.005 for FA (mean 0.234), and 9.9 cm 3 for white matter volume (mean 368.7 cm 3 ). The corresponding coefficients of variation were 1.1% for mean diffusivity, 2.2% for FA, and 2.7% for white matter volume.
Correlations of diffusion tensor-derived parameters with age in older group. Table 2 shows results of linear regression analysis examining the correlations between age and diffusion tensor parameters in the older group; there was no evidence of age correlations in the younger group. Significant negative correlations between age and FA were demonstrated in anterior and middle white matter regions, but no significant relationship was observed for posterior white matter. Corresponding positive correlations between age and mean diffusivity also were seen in these regions. Volume of anterior white matter was seen to decline significantly with age. However, after covarying for both volume and sex, significant independent relationships of age with FA and mean diffusivity of anterior white matter remained. FA of anterior white matter was both lower in the sixth decade and declined more rapidly with advancing age than FA of middle or posterior regions. Effects of sex. Four of the 10 younger patients and 6 of the 19 elderly patients were women. In both younger and older groups, there was a trend toward lower total white matter volume in women: for the younger group, mean total volume (SD) was 368 (34) cm 3 Discussion. Using diffusion tensor imaging, we have demonstrated a reduction of FA and an increase in mean diffusivity of water diffusion in the cerebral white matter of a group of healthy, elderly volunteers compared with a group of younger subjects. These changes were maximal in frontal regions. In older subjects, a decline of FA and increase of mean diffusivity were observed with increasing age, again most marked in frontal regions. Mean diffusivity of anterior white matter correlated with executive function, as assessed by the Reitan Trail Making Test. These findings are likely to reflect alterations in white matter ultrastructure accompanying aging that are not apparent using conventional imaging techniques, yet are of functional significance. This is consistent with the hypothesis that "disconnection" of cortical areas and functional disruption of large-scale neurocognitive networks occur as part of the aging process.
Age-related cognitive decline is an important socioeconomic issue, and understanding the mechanisms has clinical implications, both in selecting promising candidate therapies and in choosing surrogate markers for their evaluation. If, as we propose, cerebral disconnection is a fundamental mechanism of cognitive dysfunction, diffusion tensor imaging will allow evaluation of new therapies in smaller numbers of subjects without the difficulties associated with repeated neuropsychological testing. Our findings provide a link between evidence of functional disconnection accompanying aging and evidence of age-related anatomic and biochemical changes in cerebral white matter. A number of findings from a previous PET cognitive activation study support the conclusion that disruption of functional relationships between cortical regions, or disconnection, underlies age-related changes in performance. 5 Although the conclusions remain speculative, the authors argue that the capacity of the prefrontal cortex to become activated is not attenuated by age, but rather the coordination of the whole neural response is impaired, implying a loss of functional connectivity. However, functional imaging techniques provide only indirect evidence of cerebral disconnection, and depend on the assumption of a linear relationship between neural activity and hemodynamic response (vasoneuronal coupling) 17 that may not hold in elderly subjects.
Diffusion tensor imaging is free of such assumptions, and accumulating evidence suggests that parameters derived from diffusion tensor imaging correlate with white matter ultrastructure and are of functional importance. Diffusional anisotropy correlates with histologic markers of myelination 8 and increasing anisotropy accompanies maturation of white matter tracts in children. 18 Loss of anisotropy has been demonstrated in a number of conditions in which disruption of white matter tracts is believed to occur, including cerebral small vessel disease, MS, motor neuron disease, and schizophrenia. [9] [10] [11] [12] The functional importance of loss of FA has been confirmed by the findings of a correlation between anisotropy of left temperoparietal white matter and reading ability, 13 and a correlation between anisotropy of corticospinal tracts and disease severity scores in motor neuron disease. 11 The finding of a selective decline of anterior FA with age is intriguing because selective impairment of executive functions with age has been described both in humans 19, 20 and nonhuman primates, 21 and functional imaging studies suggest that frontal cortical areas, particularly the dorsolateral prefrontal cortex, are involved in performance of these cognitive tasks. 22 We hypothesize that the dependence of agerelated changes in prefrontal activation on cognitive context, in the PET study described previously, is due to selective disruption of specific white matter processing streams, leading to functional disconnection of some cognitive networks, but not others.
An important limitation of this study, which applies to all diffusion tensor imaging studies at present, is that functionally important fiber tracts are likely to occupy only a proportion of white matter ROI. Selection of ROI is likely to be crude compared with the complex functional anatomy of cognitive processes, and it is not possible to assess the relative FA ϭ fractional anisotropy. contributions of major white matter tracts such as the superior longitudinal fasciculus, which pass through several ROI, and shorter association fibers. The greater magnitude of changes in anterior regions could reflect either preferential involvement of shorter fibers, or that affected long tracts occupy a greater proportion of the anterior ROI. Ultimately, it may be possible to track relevant fiber projections using mathematical modeling techniques. Although there is growing interest in this field, at present these methods can be applied only to major projections such as the pyramidal tracts and corpus callosum, and their reliability is unproven. 23, 24 Despite the limitations of sampling large white matter areas, this method is sufficient to suggest that changes in white matter ultrastructure are not uniform, and paves the way for a more detailed analysis of the anatomy of white matter aging.
The sample size for this study was chosen to allow correlation of diffusion tensor imaging parameters with age, and is insufficient for a detailed analysis of neuropsychological correlations. However, the correlations seen with the Reitan Trail Making and Verbal Fluency tests are plausible, being consistent with current knowledge of the functional anatomy of these tasks: Trail Making is an executive test of attentional set shifting sensitive to frontal dysfunction, whereas the middle volume of interest would have included the arcuate fasciculus, a major white matter tract providing input to Broca's area. These correlations also were robust when covariates were considered, including possible effects of age, premorbid intelligence, and atrophy. The inconsistency between correlations with FA and mean diffusivity (with FA correlating most strongly with Verbal Fluency and mean diffusivity correlating most strongly with Trail Making) does not necessarily cast doubt on these findings. Although these measures often are correlated, they may provide different information about white matter structure, and it is tempting to speculate that Verbal Fluency involves highly ordered parallel fiber tracts, where changes in FA may be more sensitive to pathologic change. However, a more important factor is likely to be measurement error of FA, which is greater in tissue of lower anisotropy, 25 making correlations with FA more difficult to detect in anterior white matter.
Cognitive function also is influenced by several factors that cannot be accounted for in this study. Although changes in white matter volume due to atrophy have been considered, no account can be taken of changes in gray matter volume disproportionate to white matter atrophy, and we cannot exclude the possibility that some degeneration of white matter fibers occurs secondary to specific gray matter disease. Further careful clinicopathologic studies are required to investigate these issues. Functional reorganization of cortex also may influence cognitive performance. Nevertheless, reorganization of large, distributed cognitive networks is likely to depend on integrity of white matter tracts, and diffusion tensor imaging will be a valuable tool for exploring these mechanisms in vivo. Although our neuropsychological findings should be interpreted cautiously, they should stimulate further work on the role of structural changes of white matter in age-related cognitive decline.
Postmortem histologic evidence does point to a loss of myelinated white matter fibers in normal aging, which is consistent with the FA changes described here. 6 Furthermore, age-related activation of microglia has been demonstrated in the brains of older, normal people, 26 and microglial cell inclusions, thought to reflect phagocytosis of myelin, have been observed. A diffuse age-related increase in levels of inducible nitric oxide synthase also has been observed in white matter of old rhesus monkeys, 27 suggesting that nitric oxide could mediate age-related white matter injury. These findings hint at possible mechanisms whereby age-related loss of connectivity may occur.
We hypothesize that reduction in integrity of white matter tracts is an important mechanism of age-related cognitive decline and that executive dysfunction in elderly subjects may be a form of cerebral disconnection syndrome. Our findings, together with those from functional imaging and pathologic studies, can be combined in a comprehensive "disconnection" theory of cognitive changes in normal aging. Diffusion tensor imaging provides, for the first time, a direct method for assessing cerebral connectivity in vivo. This technique can be performed on many of the MRI scanners in current clinical use, and may provide a tool for the evaluation of emerging therapies to prevent cognitive decline in the elderly.
